In this paper, by using adequate stress-strain relationship, mesh elements, boundary conditions and loading conditions, the finite element ANSYS analysis on the behavior of circular tubes subjected to symmetrical cyclic bending with or without external pressure is discussed. The behavior includes the moment-curvature and ovalization-curvature relationships. In addition, the calculated ovalizations at two different sections, middle and right cross-sections, are also included. Experimental data for 6061-T6 aluminum alloy tubes subjected to cyclic bending with or without external pressure were compared with the ANSYS analysis. It has been shown that the analysis of the elastoplatic moment-curvature relationship and the symmetrical, ratcheting and increasing ovalization-curvature relationship is in good agreement with the experimental data.
Introduction


In many engineering applications, such as offshore pipelines, risers, platforms, land-based pipelines, and breeder reactor tubular components are acted upon both cyclic bending and external pressure. It is well known that the ovalization of the tube cross-section is observed when a circular tube is subjected to bending. If the loading history is cyclic bending, the ovalization increases in a ratcheting manner with the number of cycles. However, if the bending is combined with the external pressure, a small amount of external pressure will strongly influence the trend and magnitude of the ovalization. Therefore, the experimental and theoretical studies of the response of circular tubes under cyclic bending combined with external pressure are important for many industrial applications.
Since 1980, Kyriakides and co-workers [1] have conducted experimental and theoretical investigations on the behavior of pipes subjected to bending with or without internal pressure or external pressure. Kyriakides and Shaw [1] performed an experimental investigation on the response and stability of thin-walled tubes subjected to cyclic bending. Corona and Kyriakides [2] investigated the asymmetric collapse modes of pipes under combined bending and external pressure. Kyriakides and Lee [3] experimentally and theoretically investigated the buckle propagation in confined steel tubes. Limam et al. [4] studied the inelastic bending and collapse of tubes in present of the bending and internal pressure. Limam et al. [5] investigated the collapse of dented tubes under combined bending and internal pressure.
Pan and his co-workers [6] also constructed a similar bending machine with a newly invented measurement apparatus, which was designed and set up by Pan et al. [6] , to study various kinds of tubes under different cyclic bending conditions. Lee et al. [7] studied the influence of the D o /t (diameter/thickness) ratio on the response and stability of circular tubes subjected to cyclic bending. Chang and Pan [8] discussed the buckling life estimation of circular tubes subjected to cyclic bending. Lee et al. [9] investigated the viscoplastic response and collapse of sharp-notched circular tubes subjected to cyclic bending. Corona and Kyriakides [10] experimentally investigated the response of 6061-T6 aluminum alloy tubes under cyclic bending and external pressure. In their study, the moment-curvature curves revealed a cyclic hardening for 6061-T6 aluminum alloy tube. The moment-curvature curve became steady after a few cycles. In addition, the moment-curvature response exhibits almost no influence by the external pressure. However, the ovalization-curvature behavior increases in a ratcheting symmetrical manner and is strongly influenced by the magnitude of the external pressure. Although Lee et al. [11] used endochronic theory combined with the principle of virtual work to properly simulate the aforementioned behavior, there are several flaws in their theoretical formulation. Firstly, the endochronic theory is too complicated and when it is combined with the principle of virtual work, the numerical method for determining the related parameters becomes extremely difficult. Next, their method treats the same response for every cross section for a circular tube under pure bending. However, based on the experimental data from Corona and Kyriakides [10] , the moment and curvature are almost the same for every section, but the ovalization is different for each section. In addition, the response of the 6061-T6 aluminum alloy tube lacks of investigation.
Due to the great progress in computation speed and great improvement in the theory describing the elastoplastic response in finite element method in recent years, the accuracy of calculation by finite element method has become better [4] [5] [12] [13] . In this study, by considering adequate stress-strain relationships, mesh elements, boundary conditions and loading conditions, the finite element software ANSYS is used to analyze the response of circular tubes subjected to cyclic bending with or without external pressure. Circular tube for 6061-T6 aluminum alloy is considered in this study. The experimental data tested by Corona and Kyriakides [10] are used to compare with the finite element ANSYS analysis. It has been shown that good agreement between the ANSYS analysis and experimental results has been achieved.
Finite Element ANSYS Analysis
In this study, the finite element software package ANSYS is used for analyzing the behavior of circular tubes subjected to cyclic bending with or without external pressure. The behavior is the relationships among the moment, curvature and ovalization. The elastoplastic stress-strain relationships, mesh element, boundary condition and loading condition of the finite element ANSYS are discussed in the following.
Elastoplastic Stress-Strain Relationship
According to the uniaxial stress-strain curves for 6061-T6 aluminum alloy tested by Corona and Kyriakides [10] , the uniaxial stress ()-strain () curves are constructed in ANSYS as shown in Fig. 1 . It can be seen that the curve is constructed by multilinear segments, the number on the curve indicates the order of the segment. In addition, the kinematic hardening rule is used as the hardening rule for cyclic loading.
Mesh Element
Due to the three-dimensional geometry and elastoplastic deformation of the tube, we use the SOLID 185 element for relative analysis. This element is a tetrahedral element built in ANSYS and is suitable for analyzing the plastic or large deformation. In particular, this element is adequate to analyze a shell component under bending. Due to the symmetry of the front and rear, right and left, only one fourth of the tube's model was constructed. Fig. 2 is the mesh of the finite element ANSYS. 
Boundary and Loading Conditions
Based on the coordinate system of Fig. 2 , the pure bending is on the y-z plane. The points on the top and bottom of the tube are free to move in y-direction and z-direction. But they can not move in x-direction. Fig.   3 shows the boundary condition of the finite element ANSYS. It can be seen that we use rollers on the top and bottom of the tube to represent the constraints. In this study, the pure bending is controlled by curvature. The magnitude of the curvature cannot be directly input into ANSYS. Therefore, the corresponding displacements of the points (1, 2, …, N) on the center surface (neutral surface) are considered as the input data shown in Fig. 4 . The points of the undeformed center surface are indicated as 1, 2, …, N. Once the tube is subjected to pure bending, the points 1, 2, …, N move to points 1', 2', …, N', respectively.
For pure bending, the curvature  is:
where,  is the radius of curvature and L is the half of the original tube's length. Since the loading is curvature-controlled, the magnitudes of ,  and L are known quantities. Thus, the magnitude of  can be determined from Eq. (1). The vertical displacement of point 1 is:
The horizontal displacement of point 1 equals zero. When we consider the displacement of point 2, the The length 2 O is found to be
The length of ' 22 is determined as:
The vertical and horizontal displacements of ' 22 are calculated to be: 12 12 sin 22 22
For the displacement of point N, the quantities of
NN are determined to be:
The vertical and horizontal displacements of NN' are calculated to be:
Comparison and Discussion
In this section, the behavior of 6061-T6 aluminum alloy circular tubes under cyclic bending with or without external pressure tested by Corona and Kyriakides [10] is compared with the finite element ANSYS analysis discussed in Section 2. In their experimental result, the magnitudes of the pressure, moment, and curvature are normalized by the following quantities [10] :
where, E is the elastic modulus,  is the Poisson's ratio, D o is the original outside diameter, t is the wall-thickness, and  o is the yield strength. for Fig. 5a where ΔD is the change in outside diameter. It can be noted that the ovalization of tube cross-section increases in a symmetrical ratcheting manner with the number of cycles. As the cyclic process continues, the ovalization keeps accumulating. Fig. 6b is the corresponding simulated result of ΔD/D o -κ/κ l curve. Fig. 7b demonstrates the corresponding ANSYS analysis result. In their experimental study [10] , the length of the tube was around 24D o . They measured the ovalization at the position of 11D o indicated as point A and 18D o indicated as point B from the right (Fig. 8a) . They discovered that the ovalization at point A (shown in Fig. 8a ) increases slower than that at point B (shown in Fig. 9a ). Figs. 8b and 9b show the corresponding simulation result of ΔD/D o -κ/κ l curve at point A and B, respectively.
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Conclusions
In this study, the finite element ANSYS with adequate stress-strain relationship, mesh elements, boundary conditions and loading conditions was used to simulate the response of circular tubes subjected cyclic bending with or without external pressure. The experimental data of 6061-T6 aluminum alloy tubes tested by Corona and Kyriakides [10] were used for comparison with the ANSYS analysis. It can be seen that the elastoplatic cyclic loops for moment-curvature (a) Experiment [10] (b) ANSYS analysis relationship and the symmetrical, ratcheting and increasing ovalization-curvature relationship were properly simulated in Figs. 5b-8b , respectively. In addition, the ovalization at different position can also be well simulated in Fig. 9b .
